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to n-AlGaN

S.-H. Lim,® W. Swider, J. Washburn, and Z. Liliental-Weber
Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Received 24 May 2000; accepted for publication 13 September)2000

Detailed structure of the interfacial layers of Ti/Ta/Al ohmic contactsnitype AlGaN/GaN/
sapphire are investigated by means of transmission electron microscopy. High-resolution electron
microscopy (HREM), optical diffractograms, and computer simulations confirmed that TiN
(~10.0 nm and TEAIN (~1.4 nm interfacial layers form at the interface between the Ti layer
and the A}3Gay N substrate by a solid state reaction during annealing for 3 min jratN
950°C. The orientation relationship between,AIN and Alg3:GaeN was found to be:

[010]7i anl[2110]a;, ,6a v @Nd (111)7i anI(0001)y . ca - The cubic TIAIN interfacial

layer has a lattice parameter of 0.41Q.003 nm with the space groupm3m matching that of
Alg3GaeN. A model of the atomic configurations of the ;AIN/Al3Ga e\ interface is
proposed. This model is supported by a good match between the simulated and the experimental
HREM image of the TJAIN/AI ¢ 3::Ga 65\ interface. The formation of TiN and FAIN interfacial

layers appears to be responsible for the onset of the ohmic contact behavior in Ti/Ta/Al contacts.
© 2000 American Institute of Physids50021-897@0)04924-(

I. INTRODUCTION causes ohmic contact formation om-GaN (and/or

Recently, GaN-based semiconductors have been the suB-AlGaN) is not yet clear. Thus, further detailed structural

ject of intensive research for both optoelectronic devices anatUdIeS are necessary for better understanding of this ohmic

high-temperature/high-power electronic devices includingContaCt formation.

light emitting diode&? in the blue—green and ultraviolet
wavelength region. The reliability, reproducibility, and long
term stability under extreméhigh temperature operating

In this study, we focused on the structural characteristics
of the interfacial layers and interfaces in Ti/Ta/Al metal con-
tacts ton-AlGaN/GaN/sapphire. Transmission electron mi-

conditions are very important considerations in the selectioﬁroscoDy(TEM)’ espemglly, h|gh-resolytlon eleptron micros-
of the ohmic metal contacts on GaN in the fabrication of °PY (HREM), due to its extremely fine spatial resolution

devices such as metal-semiconductor heterostructure fiel&‘—nd the ability to obtain crystallographic information from

effect transistotHFET).2 In particular, performance of de- small areas, allowed us to investigate details of the micro-
vices likep—n junction GaN Iight-emi{ting diodes is known Structure that are not apparent by other techniques. Also, the

to depend on the contact resistaficeé Development of a HREM images were evaluated by comparing the micro-

stable low resistance ohmic contact for GaN is thus of grea raphs with simulated images. Detailed structural models of
importance the interface between the interfacial layer and the substrate

In the case of GaN, the Fermi level is unpinned at thehave to be assumed in order to simulate the images.

surface, hence, ohmic contact formation to Géihd/or

AlGaN) can be determined based on the work function of thd!- EXPERIMENT

metal system. There are several regbrten ohmic contacts Typical AlGaN/GaN HFET structures grown by metal-
to n-type GaN with varying results. Of all the metal systemsorganic chemical vapor deposition at 1040(fire GaN or
proposed, the Ti/Al metal system, which displayed the low-1100 °C (AIGaN) on (0001 sapphire substrates have a
est contact resistivity to-type GaN(and/or AlGaN, is pres-  1-um-thick insulating GaN layer followed by a 3-nm-thick
ently the most widely used. A TiN layer has been Obse‘}’vedundoped AlGaN layer and a 30-nm-thick doped AlGaN
at the interface of Ti/Al and Ti/Al/Ni/Au contacts annealed layer. The HFET samples were first etched with reactive ion
at 900 °C. Many researchers have suggéstéthat due to  etching using CGF, to form mesa structures. The samples
the formation of a TiN layer when Ti reacts with GaN, a high were cleaned in organic solvents, followed by etching in a
concentration of nitrogen vacancies is created near the inteHCI:HF:H,O solution, and blown dry. Details of the metal-
face, causing the GaN to be heavily dopetype. Further- lization schemes are reported elsewh@r&he structure of
more, Ruvimovet al.’ reported that a 15—25-nm-thick inter- Al/Ta/Ti/AlGaN/GaN/sapphire used in this work is shown in
facial AlTi,N layer was observed at the Ti/Alftype AlGaN  Fig. 1. The samples were annealed in galhbient at 950 °C
interface. However, understanding of the mechanism whiclior 3 min using rapid thermal annealing. Contact resistance
was measured by the transmission line method.

3Author to whom correspondence should be addressed; electronic mail: 1€ structural characteristics of the layers on an atomic
shlim@Ibl.gov scale were investigated using a JEM-ARM 800 electron mi-
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FIG. 1. Structure of Al/Ta/Ti/AlGaN/GaN/sapphire substrate used in this
work. = 0.518 nm:

croscope operating at 800 kV. The point—to—point resolutionF!G- 3. HREM image of the metal contact layers on AlGaN/GaN HFET
of the electron microscope is estimated to be 0.16 nm. Aubstrate.

series of simulated images using the Mac Tempas program

were obtained for the interface structure between the interfathe x=0.35, slightly higher than this expected from a crystal
cial layer and AIGaN. The parameters for the JEM-ARM 800grower,x=0.23. Figure 4a) shows an enlarged image of the
electron microscope used in the image simulation are as foktrain contrast features, similar to what would be expected
lows: spherical aberration coefficie@s=1.95mm; beam from an array of misfit dislocations. This contrast is due to
divergence semiangle=3.3 mrad; and Gaussian defocus |ocal fluctuation of Al composition that would be consistent
spread half widthA =0.84 nm. The atomic scattering factors with EDX data. It is believed that this local fluctuation of Al
used were those of neutral atoms. The compositional analysomposition in the AlGaN affected the metal contacts prop-
ses of the AlGaN layer after annealing were performed usingrtjes.

a Philips CM200200 kV) field emission gun TEM equipped Figure 4b) shows an enlarged image of the area above
with an ultrathin window and an Oxford energy dispersivethe interfacial area, corresponding to the white rectangular

x-ray (EDX) spectrometer. region (b) in Fig. 3. The arrangement of the lattice planes
and the angles between these planes agree with a Ti lattice
Ill. RESULTS AND DISCUSSION image, suggesting that not all the Ti reacted with the AlGaN

during annealing. The Ti layer, as shown by a white line in

. S _ _ Fig. 4(b), is often in a twined orientation.

of a Ti/Ta/Al layer on the AlIGaN/GaN HFET substrate. The |ayer region, corresponding to the white rectangular region
strain contrast, as indicated by arrows, at the metal«c) in Fig. 3. A cubic TiN phased=0.424 nm) with a~10
semiconductor interface shows the existence of a secongi thickness between the Ti layer and the AG5a, ¢\ has
phase, suggesting that diffusion of the metal elements at thgeen found using the measured interplanar distances and
interface occurred during annealing, leading to the formatiomngles of the Ti-rich layer in the HREM image of Figcht

of a compound interfacial layer. The image shows that therhis formation of a TiN layer is consistent with previous
AlGaN/Ti interface is very rough. Figure 3 shows a cross-reports*®-8

sectional HREM image. The incident electron beams were ' The orientation relationship between TiN and

parallel to the[2110]g,y direction. The interface between Alg z&GaysN was found to be: (11EnI(0001)y_  ca .
the AlGaN z_ind the _GaN HFET substrat_e is quite §mooth an%nd [Ell]TiN”[llEO]m G- N addition to the TiN
free of any interfacial phases. Well-defined atomic rows an 0.357°0.6
lattice planes can be identified. An EDX analysis of the
AlGaN layer indicates the composition of Ma _ N with

A. Morphology and orientation relationships

ayer, a TsAIN layer with a distinctly different image can be
observed between the TiN layer and the, AGa, g\ sub-
strate in HREM images. The orientation relationship be-
tween the TJAIN layer and the A} 3:Ga N substrate has

been observed as:[011]7; anll[2110] ), 05 n  @Nd
(111)Ti3AIN”(OOOJ-)AIO‘%Gao_Gg\J- In Secs. IlIB and 1lIC, we

discuss the formation of interfacial layers and the atomic
structure at the FAIN/Al ¢ 3:Ga 6N interface based on the
above orientation relationships and the HREM images.

B. Formation of interfacial phases

To identify the thin ternary layer, we carried out the
FIG. 2. Cross-sectional bright field image of TifTa/Al thin layers on €Stimation of |n'Ferp.Ianar distances and angles_ in thI_S layer.
AlGaN/GaN substrate. We found a cubic TAIN phase 6= 0.411 nm) with a thick-
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FIG. 5. (a) Enlarged image of the interface layers, corresponding to the
white rectangular region in Fig.(d. (b), (c), and (d) are power spectra
obtained from TiN(b), Ti;AIN (c), and AlGaN (d). Corresponding zone

axes werd 112]ry (b), [01Tr; an (C), [2110]nan (0), respectively.

the interface and comparison with the experimentally ob-
served image is therefore a useful method to develop a pos-
sible interface structure mod®In order to obtain informa-
tion about the atomic configuration at thesAliN layer/
Alg3:Gay g\ interface, image simulations are performed
FIG. 4. Enlarged image of the interface between AlGaN and @NTi  hased on hypothetical interfacial structure models suggested
:f,ﬁ;(2;:;?%L:T;frfggﬁ)r?é)tj"’(%‘inam\'(g?g égi@’ corresponding to the by the HREM image. First, the following orientation rela-
tionship between FAIN layer and A} ;:Ga) g\ substrate

. _ has been observed{011]yj anl[2110]n G5 o @nd
ness of~1.4 nm. Figure &) ghows an enlarged image of the (111)Ti3AIN”(0001)AIO35630 N Second, the composition of
interface region between TiN and¢Ga e\, correspond- o Ajin AlGaN appears to be different than that assigned by
ing to the white rectangula_r region in Figicd Figures %b), the crystal grower, ie. AkGaeN instead of
5(c), and §d) show the optical diffractograms of the perfect Aly,GaN. Finally, since the intefplanar spacing for

regions in the TiN, TJAIN, and Aly ;:GayeN. The lattice {elll}TisA,N should be 0.237 nm, the calculations were per-

parameters of the reaction products, as evaluated from thformed for interplanar distances in the range 0.225-0.245

optical diffractogram, agree with the lattice constants of TiN,nm THAIN belongs to space grouPm3m (space group No
TizAIN, and Al , respectively. Consequently, the : ) : '
3 03553 6N, resp y quently 221) and the crystal structure has a cubic lattice. In order to

HREM observations and optical diffractograms from the” ™~ ) ; . . .
AllTalTilAl g 3:Ga ¢ interface regions confirm that Ti has de_rlve reliable a‘O”_“C po_5|_t|ons, computer S|mula_t|ons and
reacted with Ad-:Ga, N at the interface, resulting in the a_ldjustment _of atomlc positions were repe_ated until the best
formation of TiN and'Té'AIN layers. Since the FAIN layer fit was obtained with the observed HREM image. In order to
Berform the computer simulations of the interface, a super-

is very thin and the interface is undulated, we cannot be sur . .
if the layer is continuous or if it forms islands. cell base(_:l on the structural_ model of the interface was built
up. We investigated the interface structure between the
TizAIN layer and A} Ga N substrate by comparing
the micrographs with simulated images. Figurds) Gand
A structural model of the interface has to be assigned ir6(b) show projections of the interface model and the
order to be able to simulate the images. Image simulation aupercell of the THAIN/Al §::Ga g\ interface along the

C. Structure models of ternary interfacial phase
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o. O°O Oo. O°O oo 000 Oo. O°O oo 0’0 Oe. O°CI oo o°o oo DOO Ob. 0’0 (a) D The role Of Interfaclal phases

[11_]] O°O°.°O°O 0°.°O o°o°c°o°o°o°o°o 000‘,.0000000000 o°o°.°o 0°0°B°0°0°0°.°O
00000000 C0O000O000000CO0O000000CO00000C0OCE . . . . .
600000006005 06000005000860080008800 Ruvimovet al.” reported that BAIN and TiN interfacial
0000000000000 000000000O0C00OVO00C0O0000O00 .

(o) |Fofesodedodedodes’odedodas’ o ededen ol d phases were observed at the Ti/Al contact neAlGaN
Al S : QO 04 0, 0 & AP . . ° . .
j;j;‘j;j’;;?.:gi;'g;‘,;f;'cj.;f;;j;:;;:f;jc‘joj‘;f;f;jg;? . samples aft.er annealing for %0 min at 950 °C with a specific

0001) L % s e S s S e ae%%%5% o« i cONtact resistance of 58104 cn?. We observe forma-
T Q 0, 0, O, o, Co 0, O 0, 0,0, (=N Cy O 0,0, . . - - . .
l_.”‘°°' Sossasssssssosespoessssssssssssssd ©6  tion of Ti;AIN and TiN interfacial layers between Ti and
0, 0,050, 0,8 00,00 % 80008 %0090 %00 0% %%09%0308 « N

Al 3Ga e\ substrate of the metal contacts annealed for 3
min in N, at 950 °C. The measured contact resistance was
5.11x10 4 Q cn?. This slight difference in contact resis-

O00BO0O0C0OBO00C0OO0O0 (b)
o o ) o o ) )
0000000000000 O0

) o o o ) o o

T AINO 0©00000000000 tance might be insignificant or might be related to the differ-
lsiiNoopsoooesoooeno ence between formation of JAIN or TizAIN phase at the
000000000000 0O0 . . L . .
e ooce o ce oo interface for different annealing conditions. In this and ear-
—-|nterface . . 7 . . .
@ 0,0,0,0, & 0, 0, O, & O, O O, lier studies| TiN was found at the interface and it is believed
PLOBOLPLPOOPLPOP OTj that a high concentration of N vacancies in the layer provides
AlGaN 3% % % % & 00 80 & % % % g | high electron concentratiorisyhich leads to low resistance
£ 000D P 000D PO O gh ele syhict _
0y 0, Oy O Oy Oy Oy ©, O, O, O, 0 8, © G of ohmic contacts. Due to reaction between the Ti and the
PRLOPPOOOBLPLL = N AlGaN which is consumed, tunneling through this layer to

GaN could take place. This would be similar to Feiral.®
FIG. 6. (@) Proposed model of the interfacial ared) supercell for the 4 sggested that at a TIN-GaN interfacial area bending of
image simulation proposed model. Small arrows indicate the interface. . .. .
the GaN conduction band could be sufficient for tunneling.
Therefore, the development of a low resistance contact using
_ the Ti/Ta/Al metallization scheme suggests that control
[011)7i anll[2110] A, ,Ga) v direction. In Fig. 7, a com-  of interfacial reactions upon annealing at high tempera-
parison of this model with the experimental HREM image istures is the most important factor for achieving low contact
shown. Figures (&), 7(b), 7(c), and {d) show the HREM resistivity.
image, the processed image obtained by the filtering
method® of Fig. 7(a), the projected potential based on
the supercell of Fig. ®), and the simulated image using IV. SUMMARY
the specimen thickness of 12.0 nm and a defodfs Detailed structural analysis of the interface and interfa-
of —48.0 nm. All figures are viewed along the cjallayers at metal/AlGaN interfaces of Ti/Ta/Al ohmic con-
[011)7i anl[2110] a1 .G, direction. Simulated images tacts ton-type Aly 35Ga sd\/GaN/sapphire was performed by
of the interface structure model of the AIN/Al o 3Ga N  TEM, HREM, optical diffractogram, and computer simula-
[Fig. 7(d)] showed satisfactory agreement with the experi-tions. A thin layer of TAAIN (~1.4 nm has been identified
mental HREM imagdFig. 7(a)]. The atomic columns con- at the interface, in addition to the TiN layer. The
taining metal ions appear as white spots shown on Figs. 7 orientation relationship between sAIN and Al 3:Gay g5\
and 1d). There are good matches between experimental an@as found to be: [011]y anl[2110]p ,cq N @nd

simulated images in electron beam directipfigys. 1a) and flTl)TiaAm”(OOOl)mo35030 - A structural model of the

7(d)] thus confirming the basic correctness of the structura . : . .
model for the TAAINJAI o 5:Gay oN interface. atomic configurations of the JAIN/Al o 3Ga g\ interface

has been proposed. This model is supported by a good match
between simulated and experimental HREM images of the
TizAIN/AI § 3G 65N interface. The formation of these inter-
facial layers appears to be responsible for the ohmic contact
behavior in the Al/Ta/Ti/A} 3:Ga N/GaN/sapphire hetero-
structure system.
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